The spatial and temporal dynamics of cell contractility plays a key role in tissue morphogenesis, wound healing and cancer invasion. Here we report a simple, single cell resolution, optochemical method to induce reversible minute-scale cell contractions in vivo during morphogenesis. We employed the photolabile Ca bursts trigger non-muscle myosin II activation. Our approach can be easily adapted to many experimental systems and species, as no specific genetic elements are required and a widely used reagent is employed.
Introduction
Contractility underlies manifold processes in cell and tissue morphogenesis, including cell migration, cell shape changes, or junction collapse [1] [2] [3] [4] . In epithelial tissues, cell contractions impact on neighboring cells by mechanically pulling on neighbors via adherens junctions. The mechanical link may elicit a specific response in neighbors and may thus positively or negatively affect contractility in neighbors in a non-autonomous manner 5 . Within a tissue, such cell-cell interactions can contribute to emergent tissue behavior, such as folds and furrows. The function of mutual cell-cell interactions is difficult to study by classical genetic approaches. What are needed are acute interventions with high temporal and spatial resolution, ideally in the scale of seconds and of individual cells.
For controlling cell contractility optogenetic approaches have recently been developed. Cell contractility can be inhibited by optically induced membrane recruitment of PI(4,5)P 2 leading to interference with phosphoinositol metabolism and subsequent suppression of cortical actin polymerization 6 . Optical activation of contractility has been achieved by light-induced activation of the Rho-Rok pathway, which controls Myosin II based contractility 7, 8 . Despite their effectiveness, optogenetic methods require expression of modified proteins such as light-sensitive and dimerization domains, which need to be introduced into the genetic background of the experimental organisms. Furthermore, the used chromophores absorb light in the visible spectrum, which restricts the choice of labels and reporters for cell imaging.
Optochemical methods represent an alternative to genetically encoded sensor and effector proteins 9 . Intracellular calcium ions (Ca 2+ ) are known to be an important regulator of contractility in many cell types. Ca 2+ not only plays a central role in muscle contraction, but also in cultured epithelial cells 10 19, 20 .
Here, we employed the membrane-permeant acetoxymethyl (AM) ester derivative, which complexes Ca 2+ once the AM moiety is removed by intracellular esterases.
Following microinjection into staged embryos, uncaging was induced in the focal volume of a pulsed 355 nm laser beam (Fig. 1B) . In our setup, the light paths of the UV laser and the recording laser in the visible spectrum were controlled independently, which allowed concomitant uncaging and imaging. We conducted our experiments in the lateral epidermis of Drosophila embryos during the gastrulation stage. The epidermis during this stage constitutes a columnar epithelium with a cell diameter in the range of about 8 µm and cell height of about 25 µm.
To visualize and assess changes of intracellular Ca 2+ dynamics following uncaging, we employed a genetically encoded Ca 2+ sensor protein, GCaMP6.
Embryos expressing a membrane bound, myristoylated variant of GCaMP6 21 were injected with NP-EGTA-AM and subjected to uncaging. We observed a transient increase of GCaMP6 fluorescence within a second specifically in the cell targeted with UV light pulses (Fig. 1C , Supp. movie 1). Quantification showed a fourfold increase of GCaMP fluorescence (F/F0) after two seconds. Afterwards, the GCaMP fluorescence gradually decreased to initial levels within a few minutes (Fig. 1E ). We did not detect an increase of GCaMP fluorescence after UV exposure in control embryos injected with buffer only (Fig. 1D, E) .
The increase in Ca 2+ sensor signal was restricted to the single target cell (Fig. 1C We next investigated the consequence of Ca 2+ bursts on cell shape. We conducted uncaging in embryos expressing E-Cad-GFP, which labels adherens junctions and thus cell junctions at a subapical position. Strikingly, we detected a contraction of the target cell to about half of the cross-sectional area ( Fig 
Modulation of UV laser exposure
We modulated the effect on contractility by varying the focal volume of the UV laser (spot radius). Variation of laser power or illumination time in contrast proved difficult, as either the response was lost or became too strong. With an increase in focal volume, we observed a faster response in contraction. A spot radius of 4 or 1 initiated contraction within about 1 or 2.5 min, respectively. With both settings, a final contraction to about half the cell area was reached after 2.5 min or 4-5 min, respectively (Fig. 3A) . For these studies two target cells were exposed to UV laser sequentially within 10 seconds and varying focal volumes (Fig. 3B, 3C 24 .
As a first step to identifying the mechanism of Ca 2+ induced cell contraction, we imaged myosin II dynamics following uncaging in embryos expressing E-Cad-GFP to label cell-cell contacts and sqh-mCherry (myosin regulatory light chain) (Fig. 4) . sqhmCherry fluorescence is a direct indicator of active myosin II mini filaments, which are visible as clusters. Myosin II is found at the adherens junctions (junctional pool) and at the apical cortex (medial pool), where it is responsible for apical constriction 25 . We focused on the medial pool of myosin II. To compensate bleaching of the sqh-mCherry signal in target cells, we normalized fluorescence to the time after UV exposure in embryos with and without uncaging. We observed an increase of sqh-mCherry fluorescence after about 0.5 to 1 min in target cells in embryos with the cage and a continuous decrease of fluorescence in control embryos (Fig. 4C ). These observations provide strong evidence that Ca 2+ uncaging triggers myosin II activation on the same time scale as cell contraction.
Discussion
We The method can be applied to a wide range of processes and organisms and should greatly improve our ability to study the causal role of cell contractility and of tissue mechanics in vivo.
Materials and Methods

Fly Strains
Fly stocks were obtained from the Bloomington Drosophila Stock Center, if not otherwise noted and genetic markers and annotations are described in Flybase 26 .
Following transgenes were used UASp-GCaMP6-myr 21 , E-Cadherin-GFP 27 ,
ubiquitin-E-Cadherin-GFP, Sqh-mCherry 25, 28 and Mat-Gal4-67,15 (St. Johnston / Cambridge). 
Ca
Image processing and analysis
The fluorescence intensity of GCaMP6-myr (in Fig. 1 ) was measured manually with ImageJ/Fiji 29 . The integrated density (a.u.) was measured along the cell membrane and normalized by the cell membrane length (μm) to get the normalized fluorescence intensity I t . The background I b was from the integrated density (a.u.) which are measured from the cytoplasm and normalized by the measurement length (μm). The normalized GCaMP6 intensity fold increase was calculated as follows:
Where I t is the normalized intensity at time t, I b is the normalized intensity of the background at time t. I -1 is the normalized intensity at 1 second before UV illumination, I -1b is the normalized intensity of the background at 1 second before UV illumination.
Image stacks were projected by the "Max Intensity" option and segmented with "Tissue Analyzer" 30 in ImageJ/Fiji. Cell area measurements were carried out with ImageJ/Fiji. In movie 3, the Z-projected images were stabilized with "Image Stabilizer" 31 . The image stacks from sqh-mCherry embryos were projected with the "Max Intensity" option. Medial myosin II intensity (in Fig. 4 ) was measured manually with expressing E-Cad-GFP and injected with 2 mM "NP-EGTA, AM". Two target cells were exposed to the UV laser one after the other with a spot radius of 4 (purple) or 1 (blue). Normalized cell area Figure S2 spot radius 4 spot radius 1
